
, rl ii Ii I 1 '
{ i i ° ; ,

%

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA CR-

I { {

.. (N ASA-C_- 1LI181(}) R EE 1_II_Y AF_CZ;YNAMICS N76-13177
TC_CES _ND _CME_'IS CN _[iE _NGINE NCZZII= CF
_H_ 146-1NCH SCII£ FOCKE_ ECCSTE& _CD_Z q73

• EESTEE lli _SFC Ig l_Y lq INCB _RISCNIC WIND Unclas

• 'IUI_NEL (SA30_) (Chrysler CcrF.) 340 _ _C G3/18 04777

• . ':..:!!'.:-'.:.

• ,' ,

' Ii. ' %',"

,":"i:,.?"":,.' SPACE SHUTTLE
• ' ' ""i ";,'">:_"'

' '. ,' ..,. '::.,!.._.":',"i
• ,, , ,:_,,,,::,,,,,,f,,,,

AEROTHERMODYNAHICDATA REPORT

[' ,, :. ,,,,".i::":':,:""',,'

i_: ..... "/, JOHNSON SPACE CENTER _T_ 4]_Nagement services

."'' ,, .PAc..,v,.,oN CHRYSLER ,_

,..,,,',,,:,,............... HOUSTON, TEXAS COm'OR_ON ,,

*

1976006089



October 1975

DMS-DR-2235

NASA CR-141,810

REENTRY AERODYNAMIC FORCES AND MOMENTS ON THE

ENGINE NOZZLE OF THE 146-INCH SOLID ROCKET

BOOSTER MODEL 473 TESTED IN MSFC 14 x 14 INCH

TRISONICWIND TUNNEL (SA30F)

by

J. D. Johnson, NASA/MSFC
W. F. Braddock, NSI

: Prepared under NASA Contract Number NAS9-13247

4-

; by?

_ Data Management Services

-:_ Chrysler Corporation Space Division

ii" New OrleanS,forLa. 70189

_i Engineering Analysis Division

Johnson Space Center
__: National Aeronautics and Space Administration
2_: Houston, Texas

{,

i

1976006089-002



1 I
t

: !
t I

WIND TUNNEL TEST SPECIFICS: _qP

Test Number: MSFC TWT 611

NASA Series Number: SA30F

Occupancy Hours: 72
Test Dates: March 3 - 13, 1975

FACILITY COORDINATOR:

Dale Andrews

Marshall Space Flight Center

Mall Stop ED32

Huntsville, Alabama 35801

Phone: (205) 453-3174

PROJECT ENGINEERS:

J. D. Johnson W.F. Braddock

Marshall Space Flight Center Northrop Services, Inc.
Mail Stop ED32 6025 Technology Drive

Huntsville, Alabama 35801 Huntsville, Alab-ma 35807

Phone: (205) 453-3152 Phone: (205) 837-0580

DATA MANAGEMENT SERVICES:

Prepared by: Liaison--V. W. Sparks

Operatlons--Maurlce Moser, Jr.

Reviewed by: G.G. McDonald

/_. L. G_/_, Manager N.D. Kemp, M_ager
Data Op_Eations Data Management Services

Chrysler Corporation Space Division assumes no responsibility for the
data presented other than display characteristics.

ii

i
d

1976006089-003



REENTRY AERODYNAMIC FORCES AND MOMENTS ON THE

ENGINE NOZZLE OF THE 146-INCH SOLID ROCKET

BOOSTER MODEL 473 TESTED IN THE MSFC 14 x 14 INCH
2

_ TRISONIC WIND TUNNEL (SA30F)

Y

_ uy

J. D. Johnson, NASA/MSFC

W. F. Braddock, NSI

ABSTRACT

To determine aerodynamic forces and moments that are imposed on the

nozzle of the Space Shuttle Solid Rocket Boosters (SRB's) during reentry,

a test of an SRB model was performed in the Marshall Space Flight Center

14 x 14-inch Trlsonic Wind Tunnel. The model (MSFC #473), a 0.5479 per-

cent scale SRB model, was instrumented with a slx-component force balance

that was attached to the model nozzle so that only forces and moments

acting on the ,_oz_le were measured. The test, TWT-611 (NASA Series No.

SA3OF), occupied the tunnel for 72 hours between March 3 and March 13,

1975. One hundred thirty seven (137) runs (20 degree pitch p_lars) were

performe0 during this test. The total angle of attack range that was

covered during the test was from 60 to 185 degrees. Test Math numbers

were 1.96, 2.74, and 3.48. Test Reynolds numbers were between 5.2 x 106

and 7.6 x 106 per foot. Five external protuberances were slmulated (four

launch hold down struts and an aft separation rocket poJ_. The effective

_ roll angle simulated (for an SRB on the right side of the launch vehicle)

' iii
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was 180 degrees. Effects of the three following heat shield configura-

tions were investigated: (i) no heat shield, (2) heat shield attached to

the aft skirt, and (3) heat shield on the nozzle behind the aft skirt.

Schlieren movies were made during selected runs at Mach 3.48.
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NOMENCLATURE

PLOT
SYMBOL SYMBOL DEFINITION UNITS

AF Abbreviation for axial force

bre f BREF Reference span (same value as £ref)

CA Total axial force coefficient in the

body axis system

CAm CA Total axial force coefficient in the

missile axis sy@tem, FAN/q_ Sre f(nozzle balance)

C£ Rolling moment coefficient in the
body axis system

C_m CBL Rolling moment coefficient in the
missile axis system (nozzle balance),

Mxm/q_ Sref £ref

Cm Pitching moment coefficient in the
body axis system

Cmm CLMM Pitching moment coefficient in the
missile axis system (nozzle balance),

MYm/q_ Sref £ref

CN Normal force coefficient in the body
axis system

CNm CNM Normal force coefficient in the

missile axis system, FNN/q_ Sre f(nozzle balance)

Cn Yawing moment coefficient in the
body axis system

Cnm CYNM Yawing moment coefficient in the
missile axis system (nozzle balance),

Mzm/q_ Sref £ref

CPc i CPS(l,2(etc)) Balance cavity and skirt interior

pressure coefficients; Pcl - P_
q®

Cy Side force coefficient in the body

axis system.

4
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NOMENCLATURE (Continued)

PLOT

SYMBOL SYMBOL DEFINITION UNITS

_m CYM Side force coefficient in the
missile axis system, FYN/q_ Sre f(nozzle balance)

FAN Total nozzle axial force in the ib
missile axis system, positive in

the negative direction of Xm

FNN Nozzle normal force in the missile ib
axis system, positive in the

negative direction of Zm

FYN Nozzle side force in the missile ib
axis system, positive in the

positive direction oi Ym

£ref LREF Reference length (inside diameter
of nozzle exit)

M MACH Mach number

MXm Nozzle rolling moment in the missile in.-ib
axis system, i.e., moment about the

Xm - axis (a positive rolling moment

tends to rotate the positive Ym - axis

toward the positive Zm - axis)

MYm Nozzle pitching moment in the missile in.-Ib
axis system, i.e., moment about the

Ym - axis (a positive pitching moment

tends to rotate the positive Zm - axis

toward the positive Xm - axis)

MZm Nozzle yawing moment in the missile in.-ib
axis system, i.e., moment about the

Zm - axis (a positive yawing moment

tends to rotate the positive Xm - axis

toward the positive Ym - axis)

MRP Abbreviation for moment reference

point

NF Abbreviation for normal force

1976006089-010
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NOMENCLATURE (Continued)

PLOT

SYMBOL SYMBOL DEFINITION :

Pcl Balance cavity and skirt interior
pressures

Pt Free stream total pressure psi

P_ Free stream static pressure psi

PM Abbreviation for pitching moment

q_ Free stream dynamic pressure psi

RM abbreviation for rolling moment

SCALE Model scale

2

Sref SREF Reference area (cross se_tlonal in.
area of nozzle interior at exit

plane)

SF Abbreviation for side force

Tt Tunnel total temperature OF

X,Y,Z Body axes system coordinates (for

an airplane, the X, Z-plane is the

plane of symmetry, the origin of

the axes system is the center of
gravity or any other convenient

point, and the X axis is the air-

plane longitudinal axls)

Xm,Ym,Zm Missile axis (see text and Figure I)

XMRP,YMRP, Distances of MRP from nose and in.
ZMRP centerline of model in missile axis

system (XMRP measured in negative

direction of Xm)

YM Abbreviation for yawing moment

Ang le-of-at tack degrees
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| NOMENCLATURE (Continued)

PLOT

SYMBOL SYMBOL DEFINITION UNITS

st ALPHA Total angle-of-attaCk, angle between degrees
the Xm - axis and a vector in the
d_rectlon of the air flow

_' Angle of attack of model when model degrees

support mechanism is set at zero

pitch angle

3 Angle-of-sldeslip degrees

V GAMMA Nozzle deflection angle due to aero- degrees

dynamic loads on model (positive in

same direction as 6N)

6N GIMBAL Angle between nozzle centerllne and degrees
SRB centerllne (nozzle gimbaled in

Xm- _ plane, positive downstream)

PHI Roll angle, i.e., angle between the degrees
missile Y_ - axis and the body Y-axls

(from a p_lots viewpoint in an air-

plane, a positive roll angle is a
clockwise rotation)

SUBSCRIPTS

c Cavity

i Iden£1fies the location of the

balance cavity and skirt interior

pressure measurements

m Missile axis system

N Nozzle

ref Reference conditions

t Total conditions, or total angle

Free stream conditions

7
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INTRODUCTION I

The wind tunnel test described hereill was conducted to determine

the magnitude of aerodynamic forces and moments that will be imposed on

the engine nozzle of the Space Shuttle Solid Rocket Boosters (SRB's)

during reentry.

A 0.5479 percent scale model of a right side 146-inch diameter SRB

was used to perform the test. The exterior of the model was rigidly

attached to a sting. A six-component balance was placed inside the model

tail section and the balance was also rigidly attached to the sting. A

scaled engine nozzle was attached to the free end of the balance. This

arrangement allowed the balance, with nozzle attached, to flex inside the

model; therefore, the balance responded to only those forces and moments

that were imposed on the nozzle during the test.

The model, designated MSFC Model 473, was tested with only one

external protuberance configuration and at only one roll angle (180

degrees). However, it was tested with three nozzle deflection angles a_d

three heat shield configurations.

Data from this test are presented as nozz]e aerodynmnlc coefficients

versus SRB angle-of-attack for different heat shield configurations and

different nozzle deflection angles.

b

f
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I
MODEL ANDTEST HARDWARE

The model was a O.005479-scale representation of a 146-inch dia-

meter Space Shuttle Solid Rocket Booster. The model was designed and

fabricated by NASA. The _eneral arrangement of the model and the major

dimensions are shown in Figure 4. Note that this figure shows the model

at _ = 0 degrees and the model was tested only at _ = 180 degrees.

All parts of the model were machined from stainless steel. The

model was designated MSFC #473 and consisted of the nose, tail, skirt

mounted heat shield, nozzles (three with nozzle mounted heat shields), a

nozzle adapter, a balance adapter, an aft separation rocket pod, and a

center body with an integral side mount. Parts from MSFC Model #468

were also utilized for this test. These parts included four detachable

tie down struts and all of the support hardware required to mount the

model in the test facility model suppoct mechanism. All the major parts,

with the exception of the support hardware, are shown in Figure 5. The

wind tunnel balance and tubes that were used to measure pressures are

also shown in Figure 5. An installation photograph of the model, with

the ta_l section removed, is presented in Figure 6. Figure 7 shows the

model ready to test.

As stated above and as shown in Figure 5, model parts included a

balance adapter. This adapter could be used to attach the balance to

either end of the model center body; however, during this test the

balance ._as only attached to the forward end of the center body as shown

in Figure 6. After the balance was attached to the center body,the tall

i 9
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was attached to the same end of the center body. Assembly of the model

was completed by attaching the nose to the other end of the center body

and attaching the nozzle to the free end of the balance. Clearance be-

tween the balance and tail left the balance free to flex inside the model.

The model was installed in tbe test facility with a side mount

which, as stated above, was an integral part of the model center section.

The side mount attached to a 20-degree offset sting. Eight holes in the

sid_ mount allowed it to be attached to the 20-degree offset sting at any

of seven different preset angles relative to the 20-degree offset sting.

The use of these seven preset angles in combination with the 20-degree

sweep of the tunnel pitch sector allowed the model to be positioned at

any angle of attack between 60 and 120 degrees and between 130 and 185

degrees. _e model could not be positioned at angles of attack between

120 and 130 degrees.

The tail was drilled and tapped to provide mounting locations for

the tie down struts, aft separation rocket pod, and the skirt mounted

heat shield. Details of the tie down struts and aft separation rocket

pod are shown in Figures 8 and 9. Figure i0 shows the mounting locations

of these protuberances on the model. Note that as in Figure 4 the model

is shown at % = 0 degrees and the model was tested only at _ - 180

degrees. The tall also had four pressure orifices, two drilled in the

balance cavity and two drilled in the skirt. The pressure tubes were

permanently attached to the external surface of the tail. Their locations

are shown illFigure ii.

T
lO -4
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The model included six interchangeable nozzles (Figure 5). Only

five of these were tested (see section on "Configurations Tested").

Three of the nozzles had integral heat shields. The other three lacked

the heat shield and had continuous 14-degree conical exterior surfaces.

: The three nozzles within each of the two types differed from each other

only in gimbal angle (6N). Each type (with and without nozzle mounted

heat shield) had a O-degree, a 2.5-degree, and a 5-degree gimbaled nozzle.

The nozzle gimbal center is shown in Figure 12. In all cases, the 2.5-

and 5-degree nozzles (both wlth and without heat shield) were mounted so

that they canted in the vertical (pitch) plane and toward that side of

the model which was leeward when the model was at an angle of attack of

90 degrees.

Details of the internal and external contours of the nozzles as

well as details for the nozzle adapter and tall are shown in Figure 12.

Figure 13 is the same cross sectional view but with the skirt-mounted

heat shield in place. Figure 14 repeats the view but this time with a

nozzle-mounted heat shield. Figures 12 and 13 show nozzles at _N ffi0

degrees; Figure 14 shows a nozzle at 6N = 5°.

The wind tunnel conditions were used to calculate the Mach number,

the dynamic pressure, and the Reynolds number. The angle of the model

support mechanism and the pre-set model attitude were used to calculate

the model angle of attack. The two balance cavity pressures, the two

skirt interior pressures, and the force and moment data were reduced to

coefficient form.

i"
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In addition, a nozzle/balance deflection angle (y) was calculated

using the nozzle normal force and pitching moment in conjunction with a

balance deflection calibration obtained before the start of the test.

The deflection angle is positive in the same direction as the nozzle

gimbal angle (6N). The deflection angle was caused by deflection of the

balance under aerodynamic loads. This deflection caused a shift in the

angular orientation of the nozzles as shown in Figure 3. Since nozzle

side force loads were low, no deflection angle was calculated for the

lateral (Xm - Ym) plane.

The coefficients CNm , %, _m' Cam' C£m' and CAm (defined _n the

nomenclature) are non-dlmenslonal coefficients that represent the force

and moments that acted on the model nozzle during the test. Positive

directions of these coefficients and the location of the moment reference

polntare shown in Figures 2 and 3. Coefficients were calculated in the

missile axis system, a non-rolllng body axis system that is frequently

used in wind tunnel tests and studies of missile flight dynamics. The

missile axis system never rotates about a missile or model longitudinal

axis; therefore it is identical with a body axis system at zero roll

angle. Figure 1 illustrates both the missile and body axes.

The reference dimensions are:

FULL SCALE MODEL SCALE

Reference Area, Sref (cross

sectional area of nozzle

interior at exit plane) 115.69 ft2 0.500 in.2

J
12

J
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J
FULL SCALE MODEL SCALE

Reference length, _ref

(inside diameter of nozzle

exit) 145.64 in. 0.798 in.

The moment reference point (MRP) is at the center of rotation, or glmbal

center of the nozzle (0.626 inch forward from the nozzle exit plane).

(
13
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CONFIGURATIONS INVESTIGATED

Three configurations were used during this test. TheT differed

only in the type of or lack of heat shield. These configurations were:

• SRB without heat shield

• SRB - heat shield on skirt

• SRB - heat shield on nozzle

The "SRB without heat shield" had no form of heat shield.

The "SRB - heat shield on skirt" had a circular shield (Figure 13)

attached to the aft edge of the engine skirt by eight screws. This con-

figuration used the same nezzles as the "SRB without heat shield."

The "SRB - heat shield on nozzle" used nozzles fabricated with an

integral heat shield on the external surface of the nozzle, Figure 14.

All three configurations included a nose, cylindrical body, ta_l

with engine skirt, nozzle (_ith or without heat shield), and five engine

skirt protuberances. These protuberances were a separation rocket pod

(Figure 9) and a set o_ four launch pad tie down struts (Figure 8). The

model was at 180 degrees roll (_) throughout the test. This placed the

separation rocket at 21 degrees 45 minutes counterclockwise from the

windward stagnation line of the model when viewed from the tail (Figure

i0). The tie down struts were placed at 30 degrees either side of the

vertical plane on both the windward and leeward sides (Figure i0). Both

the separation rocket pod and the tie down struts aligned with the model

center line. One of the tie down struts was shortened so tha_ it could

fit in its position behind the rocket pod.

T
14
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TEST PROGRAM

Table II lists the details of the test program. These are:

Conf igur at ions

Gimbal Angles (_)

Angle of attack (at) ranges

Mach numbers

Roll angle (_)

For each combination of configuration and gimbal angle, the model was

tested over an angle of attack range of 60 to 185 degrees at Mach numbers

of 1.96, 2.74 and 3.48. Table I lists the tunnel conditions for each of

the three Mach numbers. There was only one roll angle (# = 180 degrees).

15
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TEST FACILITY DESCRIPTION

The Marshall Space Flight Center 14 x 14 inch Trisonic Wind Tunnel

is an intermittent blowdown tunnel which operates by high pressure air

flowing from storage to either vacuum or atmospheric conditions. A Mach

number range from .2 to 5.00 is covered by utilizing two interchangeable

test sections. The transonic section permits testing at Mach 0.20

through 2.50, and the supersonic section permits testing at Mach 2.74

through 5.00. Mach numbers between .2 and .9 are obtained by using a

controllable diffuser. The range from .95 to 1.3 is achieved through

the use of plenum suction and perforated walls. Mach numbers of 1.46,

1.96 and 2.50 are produced by interchangeable sets of fixed contour

nozzle blocks. Above Mach 2.50 a set of fixed contour nozzle blocks are

tilted and translated automatically to produce any desired Mach number

in .25 increments.

Air is supplied to a 6000 cubic foot storage tank at approximately

-40 degrees Fahrenheit dew point and 500 pounds per square inch absolute.

The compressor is a three-stage reciprocating unit driven by a 1500

horsepower motor.

The tunnel flow is established and controlled with a servo-actuated

gate valve. The controlled air flows through the valve diffuser into the

stilling chamber and heat exchanger where the air temperature can be

controlled from ambient to approximately 200 degrees Fahrenheit. The

air then passes through the test section which contains the nozzle blocks

and test region.

16 4
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Downstream of the test section is a hydraul_cally controlled pitch

sector that provides a total angle of attack range of 20 degrees (_ i0

degrees). Sting offsets are available for obtaining various maximum

angles of attack up to 90 degrees.

The variable diffuser section has movable floor and ceiling panels

which are the primary means of controlling the subsonic Mach numbers and

permit more efficient running at supersonic Mach numbers. The sector

assembly and diffuser telescope to allow easy access to the model and

test section.

Tunnel flow is exhausted through an acoustically damped tower to

atmosphere or into the vacuum field of 42,000 cubic feet. The vacuum

tanks are evacuated by vacuum pumps driven by electric motors rated at a

total of 500 horsepower.

Data are recorded by a solid-state digital data acquisition system.

The digital data are transferred to punched cards during the run to be

reduced later by a computer to proper coefficient form.

17
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INSTRUMENTATION AND DATA REDUCTION

The parameters that were measured and recorded during the test were:

o Wind tunnel conditions (P_, Pt, Tt)

o Inclination of model support mechanism (Sector Angle)

o Pre-set model attitude (_')

o Two balance cavity pressures and two skirt interior pressures

o Six component force and moment data for the nozzle

The win@ tunnel conditions and the angle of the model support

mechanism were measured with the normal facility instrumentation.

After each support hardware configuration change, the pre-set model

attitude (_') was measured with an inclinometer.

The two balance cavity pressures and the two skirt interior

pressures were measured by 50 psia transducers mounted outside the tunnel.

Pressure tubing was routed along the external surface of the model, down

the downstream side of ,le s_de mount, along the sting and out the floor

of the tunnel to transducers.

The pressure data was identified as follows (see Figure Ii):

CPcI Balance cavity, windward side

CPc 2 Balance cavity, leeward side

CPc3 Skirt interior, windward side

Cpc4 Skirt interior, leeward side

The six-component force and moment data were measured using MSFC

balanc_ number 241. The balance was mounted such that the top of the

18

1976006089-023



! balance was downstream when the side mount _as rotated so the model was

at 90 degrees angle of attack. The balance capacities are presented in

Table I.

i
19
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Table I

i

TEST: TWT6_ j LDATE

 o.o, ,ONS
,., H ,. • i

MACH "REYNOLDS DYNAMIC STAGNATION STAGNATION

NUMBER NUMBER PRESSURE TEMPERATURE PRESSURE

(per unit length) (pounds/sq.lnch) ((legreesFohrenhelt) (nounds/sq _nch)
,=

1.95.l 7.09xl06/ft I0.29 10O ,. 2B ,

1.962 7.57.xlO6/ft 10.98 1,O0 _0

2.74 5.20xl06/ft 6.37 100 30

3.48 17.12xl06/ft _.86 100 60

L _ .i ii i i| L l

__ --- , ,

BALANCE UTILIZED: MSFC #241

COEFFICIENT

CAPACITY: ACCURACY: @T_®_ .C_4psi

NF 57 Ibs. _ .029Ibs. _ .006
29 lbs. + .012Ibs. + .002

SF - --....

: AF 15 Ibs. ! .015Ibs. _ .003

PM 63 in.-lbs. + .0llin.-Ibs. + .003

RM 30 in.-Ibs. + .0llin.-lbs. + .003

YM 32 in.-Ibs, t .013in.-Ibs. + .003

COMMLNTS"

NOTES: 1 Runs ]/0-18/0, ]9/0-23/1, and 24/0

2 Runs18/], 23/2, and 24/1-42/0

w

M_VC.Form:(_1'.1(Rev_
20
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I TABLE II B.

COMBINED DATA SET IDENTIFIERS

NOTE: All numbers are preceded by RIJ

COMBINED

DATA SET DATA SETS INCLUDED

201 001, 002, 003

202 004, 005, 006

203 007, 008, 009

204 010, 011, 012

205 013, 014, 015

206 016, 017, 018

207 019, 020, 021

208 022, 023, 024

209 025, 026, 027

210 028, 029, 030

211 031, 032, 033

212 034, 035, 036

213 037, 038, 039

214 040, 041, 042

r

i , 27
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Ii Figure 2. AXIS SYSTEM (ASSUMING NO BALANCE DEFLECTIONS)
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APPENDIX

TABULATED SOURCE DATA

Tabulations of plotted data are available on request from

Data Management Services.
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